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Abstract. The results of experimental tests of 10MgNi2MoV steel samples for low-cycle fatigue at
various deformation rates in air and in distilled water at a temperature of 280 °C in a rigid loading
mode with a symmetrical change in the range of elastic-plastic deformations are presented.

Since it is technically difficult to create real operating conditions for the material of a nuclear reactor
vessel and a steam generator in laboratory conditions, the authors of the article created testing
equipment. The results of experimental tests have shown that high-temperature distilled water
significantly reduces the durability of steel than air.

The composition of the water has a great influence; it has been found that neutral water is less
damaging than water with high acidity. Distilled water of these parameters, along with a decrease in
the cyclic strength of steel, significantly affects its plastic properties. It has been established that
during low-cycle deformation in high-temperature water, the plasticity of steel is significantly affected
by the rate of elastic-plastic deformation of the material. Plasticity decreases at a certain critical range
of deformation rates.

A mathematical model of the change in the ductility of steel in high-temperature water from the rate of
deformation of the material is presented.

It has been established that the operating mode of the equipment must be organized so that the
deformation rates of the bearing elements are far from the critical deformation rates obtained
experimentally.
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1. INTRODUCTION

For the safe operation of nuclear reactors, it is important to know the factors limiting the service
life of both the reactor and the elements of the NPP production lines. These include neutron radiation,
temperature, and corrosive environment, static and cyclic loads [1, 2, 3]. Each of these factors can lead
to degradation of material properties and accumulation of damage, which at a certain stage of
operation can cause the occurrence and development of defects, as well as destruction in certain areas
of the reactor. The materials used must have the necessary strength characteristics, ductility and
viscosity [4, 5].

To protect the housing from corrosion that may occur upon contact with the coolant, the inner
surface is coated with stainless steel or other corrosion-resistant alloys [6, 7]. Austenitic stainless steel
grade 08Cr18Nil0Ti or AISI 304/316 is usually used. This material is resistant to corrosion under high
temperature and pressure conditions typical of an aquatic environment [8, 9]. The outer contour of the
reactor and its components are made of low-alloy steel that is resistant to corrosion [10, 11].

High-temperature and high-pressure distilled water, used as a heat carrier (coolant) in the primary
circuit of a water-water reactor (WWR) of a nuclear thermal power plant, reduces the strength and
plastic properties of the vessel steel during long-term operation [12, 13].

Studies have established a decrease in the plastic properties of 10MgNi2MoV steel under the
influence of high-temperature water at various deformation rates of the samples in experimental tests
[14, 15].

Currently, regulatory engineering calculations of the strength and durability of nuclear reactor
housings and other technological equipment are performed using guaranteed strength and ductility
properties of reactor materials, steam generators, pipelines and other supporting elements of a nuclear
power plant [16, 17].

Material destruction processes in high-temperature water environments involve complex corrosion-
mechanical and electrochemical processes, which are influenced by the water's purity and
composition, temperature, pressure, and flow conditions [18, 19]. Despite the need to establish the
degradation patterns of materials under these conditions, there are currently no specific experimental
studies on the kinetics of metal corrosion and the change of mechanical properties, particularly the
study of the influence of boric acid in the primary circuit water of a nuclear power plant [20, 21]. This
situation represents a significant knowledge gap that requires targeted research efforts.

Engineering strength calculations for highly loaded structural elements of power units must be
carried out with the following scientifically substantiated and reliable data:

- the nature of the equipment's operational load, its operating temperature ranges, environmental
conditions, and the guaranteed physical and mechanical properties of the structural materials;

- the reliably determined stress-strain state of the structural elements at the locations of structural
stress concentrators;

- standardized calculation models that allow for the calculation of the service life of the designed
equipment and the residual service life of existing equipment based on the information provided in the
previous two points [22, 23, 24]. At the first stage of strength engineering calculations based on
allowable stresses, the main dimensions of the structure are determined. At the second stage, a
verification calculation is carried out, based on which the geometric shape and dimensions of
structural elements, the allowable number of loading cycles, and the service life are specified more
precisely [25, 26, 33].

During the verification calculation, in the computational models [27, 28], stresses are calculated
assuming elastic behavior of the material; including cases where the stresses obtained from
calculations exceed the material yield strength. In the calculation equations relating conventionally
elastic allowable stresses to the number of loading cycles, alongside strength characteristics, the
material plasticity characteristics are of significant importance [29, 30]. Therefore, it is essential to
have actual values of the plastic properties of pressure vessel steels experimentally determined under
various loading conditions with the simultaneous action of a corrosive environment [31, 32].
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2. METHODS AND MATERIALS

In this study, heat-resistant alloy steel 10MgNi2MoV was used, the chemical composition and
mechanical properties of which are given in Tables 1 and 2.

Table 1. Chemical composition of 10MgNi2MoV steel (mass fraction, %).

C Mn Si Ni S P Cr Mo v Cu

0.08-0.12 0.8-1.1 0.17-0.37 1.8-2.3 t00.02 | t00.02 | t00.3 | 0.4-0.7 | 0.03-0.07 | t0 0.3

Table 2. Mechanical properties of 10MgNi2MoV steel at a temperature of 20 °C.

tensile strength ots, | yield strength, oys, elongation reduction in area KCU,
MPa MPa S, % v, % K j/m2
540-700 340-590 16 55 390
20 20
e
©
A 0
x *
2 2
= =
40
100

Fig. 1. Shapes and geometric dimensions of the test sample.

Cylindrical samples with a diameter of 10 mm and a working length of 40 mm, shown in Figure 1,
were tested.

The tests were carried out at nine levels of the elastic—plastic strain range of the sample, listed in
Table 1, under symmetric cyclic loading.

For axial tensile and low-cycle fatigue tests, a test chamber shown in Fig. 2 was used. The chamber
consists of a thick-walled cylindrical vessel, a cover, and a loading piston, all fabricated from
08Cr18Nil10Ti stainless steel. High pressure of the distilled water in the chamber was generated by a
plunger pump, while water heating was provided by an electric heater located around the cylindrical
part of the chamber on its outer surface. The deformation of the test sample was measured using a
mechanical extensometer mounted on the surface of the sample positioned inside the chamber, the
measuring blades of which are kinematically connected by tractions of ferromagnetic cores of an
inductive transducer.

Table 3. Elastic—plastic strain range.

Range of the deformation, Ae, % 0.5 06 | 07| 0.8 1.0 1.2 1.4 1.6 1.7

To comparatively assess the effect of distilled water on plasticity and low-cycle strength, the tests
were also carried out in air at the corresponding temperature. Standard plasticity characteristics were
determined after the destruction of the sample using the following formulas:

Residual elongation
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Coecfficient of narrowing of the cross-sectional area
Au _‘q‘l
Ay
where: 1,=20 mm is the initial length, the base for measuring deformations;
1; is the length of the measurement base after the destruction of the sample;
Ay is the cross—sectional area of the sample before destruction;

A is the cross—sectional area of the sample at the site of the "neck" formation.

The tensile rate of the sample (moving the active grip of the testing machine) was calculated as a
function of the specified strain rate of the sample according to the following formula:

1’=60-1 - (1)

where: I— the displacement rate of the active grip of the testing machine, [mm/min]; & the

deformation rate of the working part of the test sample, [s7].

1 % 3 4
—

7y

L

il

Fig. 2. Test procedure using the experimental chamber: 1 — chamber body, 2 — fixed grip, 3 — wedges,
4 — shank, 5 — test sample, 6 — electric heater, 7 — mechanical extensometer body, 8 — active grip, 9 —
chamber cover, 10 — inductive displacement sensor.

Test Procedure Using the Chamber Shown in Fig. 2. With the chamber cover (9) removed together
with the active grip (8), the test sample (5) is screwed by one threaded end into the socket located at
the end face of the active grip (8). A mechanical extensometer (7) is then installed on the gauge
section of the sample over a measuring base of 20 mm; its measuring rods are connected to the
ferromagnetic tips of the inductive displacement sensor (10). A shank (4) is screwed onto the other
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end of the sample. The assembled active grip with the test sample, together with the chamber cover, is
inserted into the chamber so that the shank (4) engages a special socket at the bottom of the chamber
body (1) equipped with a wedge mechanism (3). The wedge mechanism ensures reliable fixation of
the shank and the sample within the chamber body while simultaneously providing chamber sealing.
The chamber cover (9) is fastened to the body using bolts through a sealing gasket made of stainless
steel with a rhombic cross-sectional shape, thereby ensuring tightness of the chamber working space.
The fully assembled chamber is connected by its fixed grip (2) to the fixed crosshead of the testing
machine, while the force rod is connected to the active grip of the machine. After filling the chamber
with distilled water and increasing the pressure to the required level, the electric heater (6) is switched
on. Once the specified temperature is reached, the testing machine is activated according to the
prescribed test regime for the sample.

In the works of the authors [12, 13, 14], I‘{wﬂﬂfﬂ{ 5 plasticity characteristic coefficients are
introduced that show the reduction in metal plasticity in a corrosive environment compared to its
plasticity in air:

Ky= w”‘_" -a coefficient indicating the degree of reduction in the residual relative decrease of the

cross-sectional area of the test sample;

K= ;"" -a coefficient indicating the degree of reduction in the residual relative elongation of the
ar

test sample.

where:y,., ., andd,,, &,,, — the relative reduction of the cross-sectional area and the relative

oe> Fair?

elongation in a corrosive environment and in air, respectively.

When conducting low-cycle fatigue tests, the frequency of cyclic loading that ensured the specified
deformation rates was determined using the following calculations:

The displacement of the active grip of the machine during one half-cycle of strain-controlled low-
cycle loading is equal to

Ae=2100%=2100%, AET2=02-Acmm )
5 20 100

Then, the total displacement of the active grip during one symmetric cycle is equal to

EF2-AF2:02-A=04Asmm 3)
The relative strain rate of the sample over a 20 mm gauge length is equal to == *u-;u cl.
The time required for one loading cycle is equal to = i_r c. 4)

As
=== — = min=0.00667— min.
o =60 o

£ &£ £

I 04-As 04-As

Then the frequency of symmetric strain-controlled low-cycle loading is equal to

1_ & _aenf :
,.4"=—r = o150~ cycles) min (%)

In accordance with the capabilities of the gearbox of the testing machine, the tests were conducted
at the following sample deformation rates, as shown in Table 4.



CrponrebHble MaTepuabl U n3geaus/Construction Materials and Products. 2026. 9 (2)

Table 4. Sample deformation rates and frequencies of cyclic strain-controlled low-cycle loading

corresponding to the strain range A==0,5%.

Deformation rate, &, ¢ | 1107 [ 1.15-10% | 1.15-10° | 1.4:10° | 1.6:107 | 1.25-10° | 1.8-10°°

Cyclic loading | 0.3 0.0345 0.00345 0.0042 0.0048 | 0.0048 0.0048
frequency, cycles/min

The cyclic loading frequency for each elastic—plastic strain range corresponding to a given
deformation rate is calculated using the formulas (4) and (5).
Low cycle fatigue tests. The samples were tested under symmetric cyclic deformation at a

prescribed frequency and cyclic strain ranges from 4-0.5% to 1.7% with an increment of 0.2% at each
test step. The frequency of low-cycle loading, depending on the elastic—plastic strain range and the
specified deformation rate, varied from 0.0024 cycles/min to 0.3 cycles/min. The tests were performed
both in air and in distilled water at a temperature of 280 °C. The strain range of the test sample was set
based on the displacement of the loading rod using a previously established calibration curve.

The diagram of cyclic elastoplastic deformation during the tests was periodically recorded on a
two-axis recorder of the PDP-002 brand.

A universal electromechanical testing machine UME-10TM equipped with a heating system and
automatic maintenance of the specified water temperature in the chamber was used for the
experiments[31, 32].

3. RESULTS AND DISCUSSION

During the tests, experimental data was obtained and is presented in Figure 3. As can be seen from
the results, distilled water at a temperature of 280 °C significantly reduces the cyclic strength of
10MgNi2MoV steel.

The experimental results also indicate that the effect of water depends on its acidity. As shown in
Fig. 3, neutral water with a pH value of 7 (neutral environment) is less damaging compared to acidic
water with a pH of 4.

Ag
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Fig. 3. Low-cycle fatigue curves of 10MgNi2MoV steel samples obtained from tests in air and in
distilled water with different acidity at a temperature of 280 °C.
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As can be seen from Fig. 3, the reduction in durability in neutral distilled water compared to air

amounts to 60% at an elastic—plastic strain range of As=1.4%4, and to 62% at a range of A==0.7%,
which indicates an identical degree of influence (within the limits of experimental error) of neutral
distilled water with pH = 7 at the investigated elastic—plastic strain range levels.

The reduction in fatigue life in acidic distilled water with pH = 4 amounts to 72% at an elastic—

plastic strain range of A=1.4%, and to 76% at a strain range of A£=0.7%. These results indicate that
the effect of high-temperature water on the metal slightly increases with a decrease in the cyclic strain
range level.

After samples fracture, the standard plasticity characteristics y_, _ and &, &, were determined.

air ced “air?

Based on the results of examinations of samples tested both in air and in distilled water, the plasticity

reduction indices were calculated in the form of coefficients K, and K;.

The investigation of sample plasticity, determined as K, and K, after fracture showed that the
deformation rate has a significant effect on plasticity indicators in the deformation rate range from 105
s'to10¢s™.

Figure 4 presents the patterns of change in the plasticity of 10MgNi2MoV steel samples during
low-cycle fatigue testing under strain-controlled loading in water at a temperature of 280 °C, as a
function of the deformation rate of the steel sample.

As can be seen from the graphs (Fig. 4), there exists a deformation rate region at which the
maximum reduction in steel plasticity is observed. This region can be characterized as the critical
deformation rate of the material.
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Fig. 4. Patterns of change in the coefficients of plasticity characteristics of 10MgNi2MoV steel in
distilled water depending on the strain rate € at a temperature of 280°C.

Metallographic examinations of the surface and longitudinal sections of samples after completion
of testing in distilled water have established that the primary cause of steel sample failure in high-
temperature water is the formation of numerous corrosion cracks oriented perpendicular to the
direction of tensile stresses (Fig. 5). The initiation and propagation of these corrosion cracks within the
metal begin with the cracking of the surface oxide layer composed of brittle magnetite that forms on
the sample surface in high-temperature water.

Studies reported in Refs. [15, 16] have shown that the embrittlement and cracking of metal exposed
to a corrosive environment are caused by tensile stresses, which is in good agreement with the data
obtained in the present work.

Cracking of the surface magnetite layer formed on the steel surface in high-temperature water,
which normally protects the metal from corrosive damage, leads to the dissolution of bare metal at the
sites where the magnetite film is damaged. As a result, loosening of the near-surface metal layer
occurs. The initiation and propagation of surface corrosion cracks in the metal cause stress
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concentration at the crack tips, which leads to embrittlement and accelerated failure of the material.
The deformation rate also has a significant effect on the embrittlement process. It has been established
that intense metal embrittlement in high-temperature water occurs within the so-called “critical”
deformation-rate range of steel, where the lowest plasticity characteristics are observed.

The results of experimental tensile tests at low deformation rates and low-cycle fatigue tests of
high-strength 10MgNi2MoV steel samples under the action of high-temperature distilled water have
shown that the plastic properties of the metal strongly depend on the deformation rate. The most
sensitive parameter in this case is the reduction of area coefficient of the test samples (Fig. 4). In the
range of so-called “critical” deformation rates, as demonstrated by our studies, the reduction of area
coefficient y decreased to its minimum value.

Fig. 5. Corrosion cracking cracks of 10MgNi2MoV steel in chloride-containing water at 80°C in the
cross-section of the sample after rupture.

Based on the experimental data obtained on cyclic corrosion strength and the corresponding
reductions in material plasticity, it can be stated that, within the range of critical deformation rates, an
important role in the accumulation of corrosion—fatigue damage is played by local failures caused by
anodic dissolution of the metal at the tips of the formed micro cracks, leading to metal embrittlement.
Therefore, the development of a methodology for determining the actual deformation rates of load-
bearing structural elements during operation is of substantial importance, as these rates correspond to
different operating regimes of the installation and to the plasticity characteristics of the steel under
these regimes.

For this purpose, to mathematically describe the dependence of the plasticity indicator of the load-
bearing metal on the deformation rate using experimental data, we have proposed a model of the
following form:

Y= E:[l‘ﬂ‘fg%‘ﬁ—rri—_rr}] (6)

e VEar

where 7 is the plasticity indicator of the steel corresponding to the operational deformation rate and

the ambient temperature z;

T— the plasticity characteristic of the steel obtained from standard tests in air at the same
temperature;

£~ the deformation rate under standard testing methods;

£,,— the critical deformation rate at which the maximum reduction in steel plasticity is observed,

o, 3 3 — coefficients determined from low-strain-rate static tensile tests in a corrosive environment
based on the best fit to the experimental data.
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The second term of the multiplier in equation (6), given in parentheses, determines the degree of
monotonic variation of steel plasticity, which depends on the duration of environmental exposure to
the metal and characterizes a gradual decrease in plasticity with decreasing deformation rate. The
monotonic decrease in steel plasticity over time occurs as a result of the simultaneous action of
adsorption-induced wedge effects, hydrogen embrittlement, and anodic dissolution.The sharp
reduction in steel plasticity in the region of critical deformation rates is associated with the
predominance of one of these factors. Under high-temperature water conditions, when a thin
protective magnetite film is formed on the metal surface, the pronounced decrease in metal plasticity is
caused by the predominance of anodic dissolution of the steel.

In the region of critical metal deformation rates, the anodic dissolution of the metal increases in its
local areas. This is promoted by a favorable combination of the metal deformation rate, which is
associated with the intensity of destruction of the surface protective magnetite layers, and the rate of
anodic dissolution at the sites where the protective magnetite film has been damaged.

When the deformation rate is equal to the critical value, passivation of the surface (i.e., formation
of a protective film) apparently does not occur at local zones where the magnetite film is destroyed
and anodic dissolution is intensified, which leads to the intensive development of corrosion cracking
and, consequently, to steel embrittlement.

If the deformation rate of the steel exceeds its critical value, the mechanical deformation processes
outpace the chemical processes, and anodic dissolution cannot exert a significant effect on the plastic
properties of the steel. In this case, the deformation process approaches that of a short-term standard
tensile test in a corrosive environment, which leads many researchers to conclude that the corrosive
environment does not have a significant effect on steel plasticity.

When the deformation rate of the sample is lower than the critical rate, the anodic dissolution
process outpaces the deformation process, resulting in the formation of a dense protective magnetite
film that is no longer destroyed due to the low deformation rate. The maximum manifestation of
anodic dissolution is observed at a deformation rate equal to the critical one; in all cases, deviations
from this value in either direction lead to a reduction in anodic metal dissolution and, accordingly, to a
decrease in the cracking process.

The influence of the critical deformation rate on metal plasticity in equation (6) is taken into
account by the third term in the parentheses. The monotonic decrease in plasticity, mainly associated
with the hydrogen embrittlement factor, can be considered uniform and independent of the
deformation rate of the metal, since these processes reach their equilibrium state over a prolonged

period under steady conditions. Then, the coefficient o< in equation (6) can be determined without
taking the third term into account, as shown in Fig. 6.
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Fig. 6. Patterns of change in plasticity of 10MgNi2MoV steel depending on the rate of deformation.
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From the experimental results, initial and final plasticity " values are obtained, corresponding to
the highest and the lowest deformation rates of the sample in the given test series. As can be seen from

Figure 6, all intermediate values of g7, except for those corresponding to the critical deformation rate,
fall approximately on a straight line in semilogarithmic coordinates. Therefore, the experimental data

values are converted into relative dimensionless quantities, i.e.,796,/100, and then:

At =¢__, the plasticity is equal to ' =y,.; similarly, At ==k the plasticity is equal to

“ultimate >

W =47} imare » and on the basis of formula (6) we obtain:

[y [ng
Cop =

T T — _ =t
J':"-r"":'ﬂ:'[‘:1-1|"_ wufrfmare_a’(jg% jg-r ‘1)
Sultimate © fnrtr,

()

Since a sharp intensification of local anodic dissolution (metal embrittlement) in the region of
critical deformation rates is superimposed on the monotonic process of plasticity reduction, the

coefficient g is determined assuming that

= :E:'r to wT = I1""/-'1.\:?

from (6) we obtain

T _ el S5t
T=yl|1 mfg_s — where

X T
ﬁ=1—afgi‘—§% (8)

_F
Eer 5t

The coefficient yis determined from equation (6) by processing the experimental data on
deformation rates in the critical regions using the least squares method.
Based on the experimental data obtained for 10MgNi2MoV steel in distilled water, the following
values of these coefficients were determined:
«=0.013; f=0.89; y=0.45

Depending on the operational load of the equipment, its load-bearing elements, for example, the
housing of a steam generator of a nuclear power plant made of steel 10MgNi2MoV, can experience
deformation at different rates. Therefore, using equation (6), it is possible to calculate the current value
of the plasticity characteristic of a structural element that is simultaneously subjected to mechanical
deformation and a corrosive environment in the form of high-temperature water.

Thus, based on the proposed model (6), which describes the patterns of changes in the plasticity of
a material from the rate of deformation, the values of plasticity in a high-temperature water
environment are established at various rates of cyclic deformation, under low-cycle loading with low
deformation rates. Based on the experimentally obtained data shown in Figure 5, it is possible to
recommend a loading mode for the load- bearing elements of the equipment, in which the deformation
rates do not coincide with the critical speeds.

When the daily power output of the reactor changes, the load- bearing elements may experience
deformation at different rates.

10
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When the power output of the reactor increases, the internal pressure in the steam generator
gradually increases, which leads to an increase in the rate of deformation of the steam generator
casing. When the water pressure in the steam generator decreases, the opposite process occurs, leading
to a decrease in the rate of deformation of the casing.

Thus, the material of the housing will be in a cyclically loaded state during the operation of the
steam generator. Under these conditions, the rates of deformation of the material will change
according to some arbitrary laws in the areas of stress concentration of the loaded element, reaching
their maximum and minimum values and repeatedly passing through the critical rate of deformation.

Therefore, in order to calculate the strength and determine the durability of a structural element
under the influence of corrosion-mechanical low-cycle loading, it is necessary to properly establish the
patterns of change in the available plasticity of the material under operational conditions, in order to
use them in regulatory calculation models based on deformation criteria for cyclic strength.

Deformation rates close to critical values can be determined based on the equation of the
mechanical state and the stress-strain state at the points of stress concentration.

To do this, we use equation (6), which allows us to calculate the current value of the plasticity
characteristic of a structural element made of given steel that is simultaneously subjected to
mechanical stress and a corrosive environment.

Since, during laboratory testing, the nominal deformation rate of a sample can be prescribed, the
constancy of the 3anannas deformation rate is evidently valid for the sample material only up to the
moment when micro cracks begin to form on its surface. The appearance of micro cracks on the
surface of the test sample leads to localization of deformation at the crack tip, where the metal
deformation rate must be higher than the prescribed nominal deformation rate.

Examination of sample surfaces after fracture and of their longitudinal sections showed that, in the
region of critical nominal deformation rates, the formation of numerous cracks oriented perpendicular
to the direction of tensile stresses was observed. This indicates that under these conditions the
reduction in material plasticity occurs due to the formation of surface micro cracks. Subsequently, the
preferential development of one of these micro cracks leads to the formation of a main crack, which
ultimately results in failure of the structural element.

The formation of surface macro cracks significantly reduces the difference between the nominal
deformation rate of the test sample and the local deformation rate at the tips of corrosion cracks.

To assess the degree of difference between these rates, the relationship between the nominal
deformation of the sample and the deformation in stress concentration zones at the crack tip is
considered. The stress and strain concentration factors in the elastic—plastic region are related to the
elastic stress concentration factor o, by the following relationship [17, 18, 19].

Refe—1 9)

&
:::ﬂ'

e

According to experimental data and calculations by Makhutov N., Serensen S., and others
[18,19,20,21],the unity on the right-hand side of equation (9) is replaced by the following function.

Fla, 5, f(7, &)F «LL£¢& o (10)
fix E_q_.]d A Fag )

Then, taking (10) into account, equation (9) takes the following form

1

L [1- Er_.;ﬁ]]

(In

T

where K, and K.~ the stress and strain concentration factors, respectively;

e _— the theoretical stress concentration factor in the elastic region;

11
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11— a constant determined from calculations or experiments for the given conditions @, and F,;

1— the exponent in the power-law approximation of the deformation diagram.

o Bp

In relative coordinates, where @,=— and @&,=—"are the nominal stresses and nominal strains,

= e
these quantities are related by the following relationships:

o,=&,, with 7,<1
o,=¢e,", with G,>1, a power approximation. (12)

Similarly, for stress concentration zones (crack tip), the following can be written:

Y. IR
E-mm'kz (E‘m&u{'] I s with E-mm'.-’:} 1’ (1 3)

Since 7,,_.,. =K, g, and &, _,=HK_ -8, on the basis of (10), we obtain

K,= Ke'_@.q' (14)

a

Then, taking (11) into account, from (8):

"

= (1-d
W 5 9
= ] t

— i S <
I{E = }_.3.1_|_1[1_|T3-."_,x_ﬂ-:| ' Jlﬂ}a with I'J'n_]_ (15)
R ) L
[1-14
— E'.-:m . _
K= ey Vit %=1 (16)
(ot Ty Er2 (14w

The maximum deformation at the crack tip @,,_.. is related to the nominal deformation &,, through
the strain concentration factor.

E‘mﬂuﬁ':HE'En (17)

According to (16), the theoretical stress concentration factor at the crack tip is determined by the
formula

1 K
0c_= — -—= — for a plane stress state
O, VZmr
1-2p .
% 1
o= i for plane strain (18)

Where K , 1s the stress intensity factor, determined by the formula
K,=o,V mtf ) (19)

where i s the crack length;

12
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fiA) — a correction function depending on the crack depth and the shape and dimensions of the
structural element;
r — the distance from the surface of the element to the crack tip in the direction of crack growth.

K, =6, 7t A) (19)

Thus, it can be assumed that the deformation rate at the tip of a formed macro crack is higher than
the nominal deformation rate by a value equal to the product of the nominal deformation rate and the
strain concentration factor.

== K (20)

The value of the deformation rate and, accordingly, the plasticity index at the crack tip will
subsequently determine the crack growth rate and, accordingly, the material survivability at the crack
growth stage.

4. CONCLUSIONS

1. High-temperature distilled water, which is the heat carrier circulating in the first loop of water-
water (WW) nuclear reactors, significantly reduces the low-cycle fatigue strength of 10MgNi2MoV
steel, which is used in the manufacturing of steam generator components for nuclear power plants.

2. The effect of the deformation rate of steel on its plastic characteristics has been experimentally
established, and there is a certain range of deformation rates in which the plasticity of steel in high-
temperature water decreases sharply.

3. This phenomenon has been taken into account in practice during the operation of power plants,
which is an important factor in calculating the strength of load-bearing elements of the structures and
in properly organizing the operating conditions of equipment, as well as in establishing the safest
operating modes that ensure their durability.

4. It has been established that the composition of distilled water also affects the low-cycle
corrosion—fatigue strength of the investigated steel. It is shown that the purer the water, the less
pronounced is the negative influence of the environment on the metal.

5. Equipment and fixtures have been developed for testing steel and alloy samples in corrosive
environments, allowing laboratory simulation of operating parameters such as temperature, pressure,
and chemical composition of aqueous solutions. A testing methodology has been developed to obtain
strength and plasticity characteristics of steels under conditions close to actual operating conditions.

6. A mathematical model (equation) is proposed that describes the dependence of the plasticity of a
material interacting with high-temperature water on the rate of deformation, and the existence of a
critical rate of deformation is established, where the plasticity of steel is significantly reduced.

7. Based on the analysis of the obtained experimental low-cycle fatigue curves and the
investigation of longitudinal sections of fractured samples, recommendations have been developed for
organizing equipment operating modes such that, under service loading, the deformation rates of the
metal of load-bearing components of power installations in contact with high-temperature water do not
coincide with the critical deformation rate of this metal in the corresponding environment.
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	Table 1. Chemical composition of 10MgNi2MoV steel (mass fraction, %).

